Histone H2A mRNA is selectively expressed in scattered subpopulations of cells in the pea (Pisum sativum) root apical meristem. To study whether this specific expression was associated with the cell cycle, a double-labeling technique was used to identify cells replicating DNA during S phase and those expressing H2A mRNA. Cells in S phase were detected by rH]thymidine incorporation and autoradiography, whereas cells containing H2A mRNA were identified by in situ hybridization using digoxigenin-labeled probes. Approximately 92% of the [3H]thymidine-labeled S-phase cells expressed H2A mRNA and 85% of cells that expressed H2A mRNA were in S phase. In root tissue located basal to the promeristem, synchronous co-located expression was observed in scattered packets of proliferating cells. Furthermore, neither H2A mRNA nor Sphase cells could be detected within the quiescent center or mature root cap. When DNA synthesis was inhibited with hydroxyurea, a commensurate and specific decrease in steady-state levels of H2A mRNA was found. We concludethat cell-specific expression of pea histone H2A mRNA is replication dependent and that H2A mRNA is transiently accumulated during a period of the cell cycle that mostly overlaps the S phase. We propose that the overlap between H2A expression and S phase could occur if H2A mRNA accumulation began in late G1 and abated in late S.
Histone H2A mRNA is selectively expressed in scattered subpopulations of cells in the pea (Pisum sativum) root apical meristem. To study whether this specific expression was associated with the cell cycle, a double-labeling technique was used to identify cells replicating DNA during S phase and those expressing H2A mRNA. Cells in S phase were detected by rH]thymidine incorporation and autoradiography, whereas cells containing H2A mRNA were identified by in situ hybridization using digoxigenin-labeled probes. Approximately 92% of the [3H]thymidine-labeled S-phase cells expressed H2A mRNA and 85% of cells that expressed H2A mRNA were in S phase. In root tissue located basal to the promeristem, synchronous co-located expression was observed in scattered packets of proliferating cells. Furthermore, neither H2A mRNA nor Sphase cells could be detected within the quiescent center or mature root cap. When DNA synthesis was inhibited with hydroxyurea, a commensurate and specific decrease in steady-state levels of H2A mRNA was found. We concludethat cell-specific expression of pea histone H2A mRNA is replication dependent and that H2A mRNA is transiently accumulated during a period of the cell cycle that mostly overlaps the S phase. We propose that the overlap between H2A expression and S phase could occur if H2A mRNA accumulation began in late G1 and abated in late S.
Histone proteins are required for the packaging of eukaryotic DNA into chromatin and can be divided in three groups based on their characteristic modes of expression (Schiimperli, 1986) . The largest group is cell-cycle-regulated and exhibits expression that is dependent on DNA replication. The second group, consisting of replacement variants, exhibits replication-independent expression and is expressed in nondividing cells of mature tissues. A third minor group, consisting of tissue-specific variants, is expressed in a replication-independent manner in unique tissues such as reproductive organs. Differences in genomic organization and gene structure mark each group. The regulation of replicationdependent histone expression has been extensively studied and reviewed (Hereford et al., 1981; Schümperli, 1986; Marzluff and Pandey, 1988; Heintz, 1991; Osley, 1991) , but less is known conceming the other histone groups in animals and lower eukaryotes (Schiimperli, 1986; Collart et al., 1991; Huh et al., 1991) .
The existence in plants of a strict DNA replication- dependent class of histone genes has been suggested but not demonstrated (reviews by Gigot, 1988; Nakayama and Iwabuchi, 1993 ). Rather, two recent studies report that the promoter of plant histone H4 from Arabidopsis thaliana exerts DNA replication-dependent and -independent expression (Lepetit et al., 1992) and the wheat histone H3 promoter exerts cell division-dependent and -independent expression (Terada et al., 1993) when assayed with respective histonepromoter 8-glucuronidase expression constructs in transgenic cells.
For replication-dependent histones in animals and lower eukaryotes, transcription is activated near the GI-S transition and mRNAs and proteins accumulate in S phase. Histone mRNA levels decline rapidly when DNA synthesis is inhibited (Heintz, 1991; Osley, 1991) . Posttranscnptional regulation, i.e. 3' processing and mRNA stability, plays a major role in the abundance of mRNA in animal cells (Harris et al., 1991; Moms et al., 1991) . In yeast, both strong transcriptional regulation and differential histone mRNA stability during the cell cycle lead to the observed periodic fluctuations (Osley, 1991) . cis-Acting sequences and their transactive factors have been identified in histone genes (Heintz, 1991; Osley, 1991) . Plant histone genes share similar sequence motifs in their promoters, but histone mRNAs differ from animal histone mRNAs by having longer untranslated polyadenylated 3' tails and lacking regulatory stem-loop structures in the 3' nontranslated tail, as found in yeast (Gigot, 1988) . Replication-independent histone genes exhibit low-leve1 constitutive expression, and such expression may be linked to histone turnover outside of the S phase (Wells and Kedes, 1985) .
We have previously reported that tomato H2A.1 and pea (Pisum sativum) histone H2A are differentially expressed in a subpopulation of cells in developing primary plant tissues (Koning et al., 1991) . In pea, RNA gel-blot analysis and in situ RNA hybridization revealed that the highest expression, in terms of mRNA abundance or in number of expressing cells, occurred within the root apical meristem. Expression then declined basipetally through the primary root. Moderate H2A mRNA levels could be found in whole shoot and very low levels could be found in mature leaves. To clarify the relationship of H2A expression and meristematic activity, a nove1 combination of two differently detectable labels was used to locate, in situ, cells in S phase and those cells that expressed H2A mRNA. S-phase cells were Abbreviations: DEPC, diethylpyrocarbamate; DIG, digoxigenin; HU, hydroxyurea; RT, room temperature.
-Plant Physiol. Vol. 103, 1993 pulse-labeled with [3H]thymidine and detected by autora&-ography. H2A mRNA was labeled by in situ RNA hybridization with DIG-tagged antisense H2A RNA and detected by immunocytochemistry (Bochenek and Hirsch, 1990) . If the H2A-expressing cells were in S phase, a replication-dependent class of histone gene would exist in plants. In addition, the relationship between H2A expression and DNA replication was further studied by the use of replication inhibitors. The pattern of expression of H2A &NA with respect to the pattem of cell proliferation within the root will also be discussed.
MATERIALS AND METHODS

Culturing of Root Tips for Nucleic Acid
Labeling and Extradion
Pea (Pisum sativum cv Alaska, Burpee Seed, Warminster, PA) seeds were surface sterilized in 50% (v/v) bleach and 0.75% (w/v) Alconox detergent (Alconox, Inc., New York, NY) in water, rinsed in sterile water, sown in sterile, moistened vermiculite, and incubated for 4 to 5 d in the dark at 22 to 25OC. One-centimeter root tips were excised from 4-to 7-cm-long primary seedling roots. Roots were cultured axenically during the experiments.
Samples of 10 root tips were placed in 125-mL Erlenmeyer flasks with 50 mL of White's medium including 2% (w/v) Suc (Dodds and Roberts, 1982) , pH 5.0 (adjusted prior to autoclaving), on a rotary shaker (60 rpm) in the dark at 23OC. After culturing for 48 to 72 h ( Van't Hof, 1965) , some root tips were grown with or without an addition of HU (Sigma) to a final concentration of 70 m~ for 20 h to arrest cycling cells in S phase (Heinhorst et al., 1985) . DNA synthesis was partially arrested by HU, an inhibitor of ribonucleoside diphosphate reductase (Krakoff et al., 1968) . At the end of the HU treatment, some roots were pulse-labeled for 1 h in tritiated thymdine for DNA synthesis measurements ( Van't Hof, 1966) and other roots were left untreated for RNA extractions. Experiments were repeated with samples using similar concentrations of isotope ranging from 1 to 5 pCi/mL [meth~l-~HIthymidine (78.5 Ci/mmol, New England Nuclear/Dupont, Boston, MA). Root tips were rinsed with H 2 0 and frozen in liquid nitrogen and stored at -8OOC.
Extradion of Nucleic Acids
Labeled DNA was extracted by a modified SchmidtTannhauser procedure (Tanimoto et al., 1979) . Total RNA was miniprepped from cultured root tips by hot phenol extraction and LiCl precipitation as modified from Martineau et al. (1991) . Ten root tips (0.3 g fresh weight) were homogenized in a Polytron (Brinkman, Westbury, NY) in 2 mL of H buffer (100 ITLM Tris-HC1, pH 9, 100 m~ NaCl, 1 m~ EDTA, 0.5% [w/v] SDS). The RNA in the homogenate was extracted by addition of 1.5 mL of hot H buffer-equilibrated phenol(65OC) and then gently shaken for 15 min at RT. An equal volume of ch1oroform:isoamyl alcohol (24:1, v/v) was added and the samples were vortexed briefly and shaken for 15 additional min. The aqueous phase was separated by centrifugation at 10,OOOg for 15 min, then collected and adjusted to 0.2 M potassium acetate by addition of a onetenth volume of 2 M potassium acetate, and the nucleic acids were precipitated by addition of 2.5 volumes of absolute ethanol at -2OOC ovemight (or 1 h at -8OOC). The pellet was collected and resuspended in 10 m~ Tris-HC1, 1 mM EDTA, pH 8.0, and reprecipitated as before. The solution was adjusted to 2.0 M LiCl by the addition of an equal volume of 4.0 M LiC1. Total RNA was recovered by centrifugation (l2,OOOg) after ovemight precipitation at 4OC. Usually, 50 to 100 pg of total RNA was isolated from the starting material. RNA gel blots were made according to the protocol described by Foumey et al. (1988) with 20 rg of total RNA/lane and transferred to Nytran (Schleicher & Schuell). Relative mRNA expression was measured by autoradiograph densitometry.
Radiolabeled probes were prepared by random priming or nick translation of full-length H2A cDNA that was isolated from an agarose gel as an EcoRI-XbaI fragment of the pGEM-1 (Promega, Madison, WI) H2A cDNA plasmid (Sambrook et al., 1989) . Hybridizations were camed out in a solution containing 50% formamide, 1 M NaC1, 1% SDS, and 100 pg/ mL sheared salmon sperm DNA. Final posthybridization washes were in 0.2X SSC and 0.1% SDS at 68OC.
Fixation, Embedding, and Sedioning
Roots from plants grown in vermiculite were cultured as before or used immediately after excision. Excised root tips were pulse labeled for 1 h (1 pCi/mL) and fixed in 4% (w/v) paraformaldehyde in PBS (10 m~ Na-phosphate, 150 m~ NaCl, 5 m~ MgC12, pH 7.4) for 12 h, dehydrated through a standard tertiary butyl alcohol series, and embedded in Paraplast (Monoject, St. Louis, MO) according to Pokalsky et al. (1989) . Ten-micrometer sections were cut with a rotary microtome.
Slides were cleaned in acidified ethanol (95 mL of 95% [v/v] ethanol, 5 mL of glacial acetic acid), rinsed in deionized water, and air dried. Clean slides were coated with polylysine by dipping in 50 pg/mL poly D-or L-LYS (Sigma) in 10 m~ Tris-HC1, pH 8.0, for 30 min and air dried. Ribbons of Paraplast sections, cut to eventually fit under an untreated 22 X 40 mm coverslip (Coming GlassWorks, Coming, NY), were overlaid on H 2 0 at 45OC on a slide warming tray until the ribbons were expanded. Excess H 2 0 was drawn off with a paper towel to prevent bubbles from fonning under the specimens, and the slides were dried ovemight at 45OC.
Autoradiography
The slides were deparaffinized in xylene, transferred to xy1ene:absolute ethanol (l:l), then to absolute ethanol for 5 min each, and air dried. Slides were coated in diluted Kodak NTB-2 (Kodak, Rochester, NY) film emulsion (1:l with H20) for autoradiography, dried, and stored at 4OC with a small amount of desiccant in a sealed box for 1 week. The autoradiographs were developed for 5 min in Kodak D-19 developer, rinsed briefly in H20, and fixed for 10 min in Kodak general-purpose fixer at 15OC. The autoradiographs were washed in 0.05% (v/v) DEPC-treated H 2 0 for 10 min. All darkroom manipulations were done under a 15-W bulb and a Kodak No. 2 red or Kodak GBX-2 filter. Autoradiography for double-label experiments was always done prior to in situ hybridization .
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Probe Preparation
Pea histone H2A was isolated from the root cDNA library by use of a heterologous tomato H2A cDNA probe (Koning et al., 1991) . A 627-bp pea H2A cDNA was cloned into pGEM-1 (Promega) as an EcoRI-XbaI fragment (GenBank accession No. M64838). For in situ RNA hybridizations, the plasmids were linearized with EcoRI or XbaI digestion yielding the sense or antisense template for in vitro transcription from phage T7 or SP6 promoters. DIG-labeled RNA probes were synthesized from 1 F g of linearized plasmid by use of a Boehringer Mannheim (Indianapolis, IN) RNA labeling kit. Transcripts were resuspended in 50 pL of DEPC-treated H 2 0 plus 50 units of RNasin (Promega) placenta1 ribonuclease inhibitor and stored at -8OOC. Probes were stable at -8OOC for severa1 months. The activity of 10% of the synthesized RNA probe was tested on dot blots of graded concentrations of double-stranded H2A cDNA with a Boehringer Mannheim nonradioactive nucleic acid detection kit. We used probes that could detect a minimum of 10 pg of H2A cDNA. For in situ hybridization, 1 pL/slide of the resuspended probe was used. No hydrolysis of the transcript was necessary to improve in situ hybridization.
Prehybridization of Root Sedions
The developed autoradiographs were dipped in 100 m triethanolamine (Sigma) in DEPC-treated H 2 0 at RT. The slides were removed, acetic anhydride (Sigma) was added to the triethanolamine solution to a final concentration of 0.5% (v/v), and the slides were reimmersed for 10 min. The slides were rinsed twice in 2X standard saline phosphate EDTA for 5 min each, then rinsed twice in DEPC-treated H 2 0 for 2 min each. Prehybridization consisted solely of this acetylation step to block nonspecific binding of negatively charged nucleic acid probe in situ (Hayashi et al., 1978) . Contrary to conventional protocols for in situ RNA hybridization, no enhancement of hybridization by deproteinization with HCl or proteinase K was done, since it was determined that Kodak NTB-2 nuclear track film emulsion was made with gelatin.
H ybridization
Fifty microliters of hybridization solution per slide was pipetted onto the slide over the wet, developed film emulsion. A 22 X 40 mm coverslip was gently lowered over the hybridization solution and rubber cement was applied around the edges of the coverslip. Cement was applied through a disposable 10-mL syringe and 18-gauge needle. The slides were placed ovemight in a humid incubator at 6OoC (humidity was provided by an open container of water).
Hybridization solution was prepared in the following manner. One microliter per slide of the resuspended probe was diluted in 50% (v/v) formamide in H 2 0 and 10 m DTT, heated to 7OoC, and mixed with hybridization buffer. Final concentrations of components were: 0.3 M NaCl, 0.01 M Tris-HCI (pH 6.8), 0.01 M Naz-phosphate (pH 6.8), 5 m~ Na2-EDTA, 50% (v/v) formamide, 10% (w/v) dextran sulfate, 1.0 mg/mL yeast tRNA, 8 m~ DTT, 0.5 mg/mL poly(A), and probe. The preparation for hybridization buffer and hybridization solution can be found in Raikhel et al. (1989) . We elected to use DTT to reduce potential background, but it is primarily used to prevent 35S-labeled probes from fonning disulfide bridges.
Posth ybridization
After hybridization, a11 solutions can be made with nontreated water. The rubber cement was removed with forceps; care was taken not to peel off the coverslip. The slides were soaked with gentle agitation in 2~ SSC until the coverslips floated off, and then the slides were washed at RT, twice in 2X SSC for 1 h each, once in l x SSC for 1 h, and once in 0.5x SSC for 1 h (as recommended in Boehringer Mannheim technical update 8812395/2M for the Genius nonradioactive DNA labeling and detection kit).
lmmunological Detection
The slides were washed in buffer 1 (100 m~ 150 m~ NaCl, pH 7.5) for 5 min and then "blocked" by complete immersion in 2% (v/v) normal sheep serum, (CalBiochem, La Jolla, CA) 0.3% (v/v) Triton X-100 in buffer 1 for 30 min. Slides were taken out of the blocking solution and 200 pL/ slide of diluted antibody (diluted 1:500 in buffer 1 containing 1% [v/v] normal sheep serum and 0.3% [v/v] Triton X-100) was applied for 2 h. The slides were washed twice in buffer 1 for 15 min, then washed once in buffer 3 (100 m TrisHCl, 100 m NaCl, 50 m MgC12, pH 9.5) for 2 min. For detection, 500 pL of freshly made color solution (nitroblue tetrazolium salt and X-phosphate) made in buffer 3 was applied to each slide and incubated in a humid chamber in the dark for 2 to 3 h. The color reaction was stopped in buffer 4 (10 m~ Tris-HC1, 1 m EDTA, pH 8.0) for 5 min (as recommended in Boehringer Mannheim technical update 8812395/2M). The slides were dehydrated through an ethanol series, passed through xylene, and coverslips were mounted with Permount (Fisher, Pittsburgh, PA). Appreciable color precipitate was lost in an extended stay in the xy1ene:ethanol (l:l), so this step can be omitted. If it is omitted, fresh absolute ethanol should be used to prevent water-induced clouding of sections when passed into xylene. A11 solutions were at RT.
Radioactive in Situ Hybridization
[35S]RNA in situ hybridization protocols were done as described by Koning et al. (1991) . Primary seedling roots were collected in the same manner and prepared for sectioning without [3H]thymidine labeling.
Photomicroscopy
Sections were viewed and photographed on a Nikon MicroPhot FXA microscope in bright-field optics or with Normarski interference optics. Confocal images of the autoradiographs were viewed and photographed in reflected mode on a Bio-Rad MRC 600 confocal microscope as described by Paddock et al. (1991) . Plant Physiol. Vol. 103, 1993 visible in the same tissue section. To provide that image, Sphase cells were detected by autoradiography and H2A mRNA was detected by RNA hybridization with DIG-labeled anhsense RNA and reactions with enzyme-linked antibodies. Figure 1A shows a root tip that was prepared for sectioning immediately after root-tip excision and 3 H-labeling. We found that H2A mRNA was expressed in a cell-specific manner; only a subpopulation of cells within the primary root were stained for H2A mRNA. Although not independently verified, we presume that these cells were stained proportionally to the concentration of H2A mRNA and were found individually or in small groups of contiguous cells (packets) within the traditional primary meristems (protoderm/root cap, procambium, and ground). Lightly colored, nonspecifically stained nuclei were visible in most cells.
The pattern of cells expressing H2A mRNA was similar to the cell division activity in the primary pea root (Rost et al., 1988) . The greatest number of expressing cells occurred in the root apical meristem and then declined basipetally through the primary root and was restricted to particular xylem pericycle cells. These pericycle cells were not directly involved with the formation of lateral root primordia, which develop much farther from the apex. Figure IB , a higher magnification of the outlined area of the apical meristem in Figure 1A , illustrates the good cellular resolution of this technique. Expression of H2A mRNA can be located to individual cells. Sense-strand H2A RNA control hybridization did not specifically label root cells, i.e. light background staining was limited to the nuclear envelope and cell wall regions (not shown).
Using bright-field microscopy, labeled S-phase nuclei could be seen to have black specks of silver grains in the developed film emulsion above the focal plane of the tissue section (not clearly visible in Fig. 1, A or B) or through the use of confocal imaging in reflected mode, where they show up as large, white blotches of heavily exposed groups of silver grains, as seen in Figure 1C . Smaller white specks in Figure 1C were due to background exposure. Figure 1C represents the same root area shown in Figure IB and a comparison reveals that most of the H2A mRNA-expressing cells were co-located with the S-phase cells; however, some cells were in S phase but were not expressing H2A mRNA or vice versa. Observation of serial sections revealed that this could not be attributed to sections of cells that did not contain nuclei. Representative cell counts within several root sections of the meristem revealed that 85% (87/102) of cells expressing H2A mRNA were in S phase and that 92% (73/79) of S-phase cells were expressing H2A mRNA. Heavily labeled nuclei were the result of maximum cellular DNA synthetic rates during mid S phase. In a corresponding pattern, the most intensely stained H2A-expressing cells co-located with the most heavily labeled nuclei.
Cells expressing H2A mRNA and S-phase cells are noticeably absent in the following areas: the quiescent center whose cells are known to have a very long cell cycle duration (Fig.  1, A and B) ; the mature root cap cells that are nonmeristematic ( Fig. 1 A) ; and other mature primary tissue (not shown). Roots that were cultured for 24 or 48 h after root-tip excision contained fewer labeled cells than noncultured roots. This was due to less cell division activity of the distal meristem in BAR = 100 the apex. DNA replication and H2A mRNA expression, although reduced, were normally proportioned between the primary meristems (not shown).
As Figure 2A shows, H2A mRNA expression was restricted to pericycle cells adjacent to the triarch protoxylem poles at a distance between 3 and 10 mm from the quiescent center (root elongation zone). Rost et al. (1988) showed meristematic activity only in xylem-sector pericycle cells in this region. Figure 2B demonstrates that expression of H2A mRNA occurs in a cell file pattern in synchronously dividing 'linear packets" of S-phase xylem pericycle cells. These linear packets were often grouped in combinations of 2, 4, or 8 cells and were found in all meristematic tissues. These packets presumably represent division products from a common mother cell. Packets of cells larger than 16-cell assemblages were seen in serial sections, but these assemblages were difficult to find in the same plane of section.
Inhibition of DNA Synthesis and H2A mRNA Expression
The replication dependence of H2A expression was investigated by the use of HU. Asynchronously dividing cells in the pea root tip were arrested in S phase by HU for the approximate duration of one cell cycle (estimated to be 20 h; Van't Hof, 1965) . Subsequently, cultured root tips were labeled with [ 3 H]thymidine for 1 h in the continued presence of HU. DNA synthesis was measured by the amount of ['HJthymidine incorporated into DNA for 1 h. Although increasing concentrations of HU proportionally inhibited DNA and H2A mRNA syntheses within samples of a single experiment, the reduction varied between experiments. This may have been due to subtle differences in growth conditions caused by minor changes in the environment (Burstrom, 1956; Rost and Baum, 1988) . RNA gel-blot analysis of H2A mRNA was performed with subsamples of roots grown in the same vessels used for DNA synthesis measurements. Figure 3 shows that DNA synthesis in HU-treated roots was reduced to 27% of the levels found in untreated roots. H2A mRNA levels were also specifically and commensurately reduced to 30% of the levels in untreated roots, whereas the "constitutively* expressed PC47 internal control mRNA level was unaffected. PC47 mRNA is highly expressed in all organs of the pea plant, including all tissues of the primary root such as the root cap and quiescent center (data not shown).
DISCUSSION
Replication-Dependent Expression of H2A mRNA
We have used two different approaches to elucidate the relationship between expression of pea histone H2A mRNA and the S phase of the cell cycle. The first approach, a novel combination of [ 3 H]thymidine autoradiography and in situ RNA hybridization, showed that the expression of H2A mRNA in primary root tips occurred predominantly in Sphase cells. The second approach demonstrated that inhibition of DNA synthesis lowered steady-state levels of H2A mRNA and showed that its expression was replication dependent. Furthermore, we could not detect any expression of H2A mRNA in the root quiescent center, which is known for its very slow cell division rates in all angiosperm roots studied (Webster and Langenauer, 1973; Clowes, 1975) , nor in noncycling, mature root tissues. This could not be attributed to the lack of sensitivity to H2A mRNA, since low to moderate levels of mRNA are detectable by standard colorimetric techniques used with the DIG-labeling protocol (Kiyama et al., 1990; Tanimoto and Rost, 1993) .
We found that approximately 15% of H2A mRNA-express-DNA synthesis mRNA Expression
•HU *HU -HU »HU www.plantphysiol.org on October 30, 2017 -Published by Downloaded from Copyright © 1993 American Society of Plant Biologists. All rights reserved. Plant Physiol. Vol. 103, 1993 ing cells and 8% of S-phase cells were not co-located. Rather than evoke replication-independent behavior, we propose that H2A mRNA expression and S phase overlap. One way to account for the overlap can be seen in Figure 4 , where it is shown that H2A mRNA accumulation begins in late G1 and abates in late S phase of the cell cycle. We assume that packaging of DNA into nucleosomes occurs within minutes of DNA replication (Worcel et al., 1978; Russev and Hancock, 1982; Stillman, 1986) . Pea roots could accommodate this acute need for histones by accumulating mRNA prior to S phase to provide time for translation, intracellular transport, and assembly of histone protein into nucleosomes. As the rate of DNA synthesis decreases during late S phase, histones accumulate in the cytoplasm, and it is believed that these excess free cytoplasmic histones cause a rapid auto-regulated decrease in histone mRNA half-life (Butler and Mueller, 1973; Peltz and Ross, 1987) . A similar process could account for the decrease in pea H2A mRNA levels before the end of S phase.
To our knowledge, this is the first report that describes, in situ, the replication-dependent expression of a histone gene within complex tissues. We also propose a model that describes the timing of histone expression relative to the cell cycle. Our model is consistent with the observations from cultures of yeast, hamster, and human cells that histone transcription starts in late G1 and that mRNA and protein accumulate during S phase and then decline in late S (Hereford et al., 1982; Baumbach et al., 1987; Lycan et al., 1987; Harris et al., 1991; Heintz, 1991; Morris et al., 1991; Osley, 1991) .
Our results differ from previous analyses of plant histone gene regulation with regard to DNA replication-independent expression. The promoter analyses of the Arabidopsis H4 (Lepetit et al., 1992) or wheat H3 (Terada et al., 1993) histone genes indicated either that H3 and H4 histone genes are not subjected to strong cell-cycle regulation or that 5' regulatory elements are insufficient to confer bona fide cell-cycle regulation. Both of these groups introduced, into heterologous host plants, chimeric /3-glucuronidase constructs containing only the histone promoter but not translated or 3' untranslated regions. The discrepancy with our observations may reflect differences in posttranscriptional regulation given that, in a11 organisms studied to date, histone 3' regions are nec- essary for proper cell-cycle regulation (Lycan et al., 1987; Hams et al., 1991; Moms et al., 1991) .
Developmentally Coordinated Sectors in Pea Root Development
Peas were used because they have developmentally wellcharacterized primary roots (Popham, 1955; Torrey, 1955; Rost et al., 1988) . In an earlier investigation of pea root development that was done solely by the study of mitotic activity (Rost et al., 1988) , pea root development could be explained by a process known as sector development (Rost, 1991) . These sectors of uniform developmental phases can be cylindrical, as in inner or outer cortex, or a three-dimensional wedge in altemating tissue sectors of xylem and phloem in the root stele. Similar groups of labeled cells in cell files or sectors such as xylem pericycle could be seen in this investigation. The labeling of these cells implies common structural or developmental properties. Common cell-cycle influences and other signaling may be acting through intercellular communication, perhaps through the effects caused by 'packet" ancestry described by Barlow (1987) in com roots where packets of meristematic descendants from a single mother cell have synchronous cell divisions. In situ DIG-RNA hybridization provided better cell-to-cell resolution in the detection of H2A mRNA than previous [35S]RNA labeling (Koning et al., 1991) . In combination with autoradiographic detection of 3H-labeled S-phase cells, DIG labeling provided less ambiguity in location of cell-specific processes than conventional double-isotope autoradiography techniques that use two layers of film emulsion to differentially detect low-and high-energy p particles emitted by isotopes such as 3H and 35S.
Autoradiography would normally have been done after in situ RNA hybridization and colorimetric detection of the DIG label. In developing this double-label protocol, we were forced to rearrange the more conventional progression of detection because we found that the substrates and/or products for the colorimetric detection of alkaline phosphatase were chemographic. Many chemicals are known to be chemographic and are routinely avoided for autoradiography (Rogers, 1979) . We elected to do the autoradiography first and then hybridize and detect the antisense DIGlabeled transcript through the developed film emulsion. After comparison with nonfilm-overlaid root sections, we could find no evidence that detection of H2A mRNA was diminished by this procedure.
